Abstract
Introduction
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Enhancers are a defining characteristic of eumetazoan gene regulatory networks. They recruit 
34
Enhancer activity is not only dynamic throughout development, but also throughout evolution 35 (Villar, et al. 2015 ). The reason is that mutations in enhancer sequences can create or ablate interactions 
81
The first evidence that enhancers can facilitate de novo gene birth was recently provided using 82 whole-animal transcriptomic and epigenetic data from the nematode Pristionchus pacificus (Werner, et 
90
translation is still lacking. We also do not know about the cell-type specificity of the enhancers that 91 facilitate de novo gene birth (because the data used to study P. pacificus were derived from the whole 92 animal) or how the facilitating role of enhancers in de novo gene birth differs from that of other means 116 on the presence of homologous sequences in the transcriptomes of other mammalian species, including 117 rat, human, and opossum (Fig. 1A) . We further classified the mouse-specific ORFs as genic or 118 intergenic, based on whether or not they are proximal to older, annotated genes (Materials and 119 Methods). We use the term proximal to mean within 500bp (in the supplementary material, we show 120 our findings are qualitatively insensitive to changing this definition to 250bp and 1000bp, see Figs. S4-
121
S8), and we use an ORF's first exon to calculate its distance from other genomic features. To 122 characterize the regulatory background of an ORF, we considered data describing histone modifications 123 that are indicative of promoters and enhancers (Heintzman, et al. 2007 ). Specifically, we merged 124 chromatin immunoprecipitation followed by DNA sequencing (ChIP-seq) data for H3K27ac,
125
H3K4me1, and H3K4me3 obtained from 23 mouse tissues and cell types (ENCODE 2012). We 126 considered enhancers to be those genomic regions where H3K27ac and/or H3K4me1 peaks do not 127 overlap H3K4me3 peaks in any tissue, and promoters to be those genomic regions with H3K4me3 peaks 128 (Creyghton, et al. 2010; Berthelot, et al. 2018 ) (Materials and Methods).
129
The majority of ORFs in each age class are proximal to a promoter or an enhancer (Fig. 1B) .
130
Remarkably, mouse-specific intergenic ORFs are the only class of ORFs that are more likely to be 131 proximal to enhancers than to promoters. While the first exon of nearly 45% (7,128) of mouse-specific 132 intergenic ORFs are proximal to enhancers, fewer than 25% of rat, human, and opossum- 
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In all three tissues, we observed that mouse-specific intergenic ORFs that are proximal to 172 enhancers have a higher median expression level than mouse-specific intergenic ORFs that are not 173 proximal to enhancers or promoters ( Fig. 2A-C 
176
the ORF is expressed in only one of the replicates; when it equals its maximum of one, the ORF is 177 expressed at equal levels across replicates. In all three tissues, we observed that expression stability is 178 higher for mouse-specific intergenic ORFs that are proximal to enhancers than for mouse-specific 
207
3A). When we apply more conservative thresholds for ribosomal association, mouse-specific intergenic
208
ORFs that are proximal to enhancers remain more likely to associate with ribosomes than mouse-209 specific intergenic ORFs that are not proximal to enhancers or promoters, and less likely than mouse-210 specific intergenic ORFs that are proximal to promoters, although the differences in ribosomal 211 association between these classes decreases as the threshold for ribosomal association increases, both 212 when evaluating reads per kilobase mapped to the first exon (Fig. 3A) , or simply total number of reads 213 mapped to the first exon (Fig. 3B ). These trends remain when considering tissue-specific 214 transcriptomic, histone modification, and ribosomal association data for liver, brain, and testis ( 
224
Fraction of ORFs expressed in liver, brain, and testis for which at least one tissue-specific ribo-seq read 225 could be mapped to their first exon. 
236
We found that mouse-specific intergenic ORFs that are proximal to enhancers are expressed in (Fig. 5D ), which provides evidence that the transcripts are 274 5'-capped. Of note, many of these CAGE peaks are bidirectional, despite their proximity to H3K4me3 275 (promoter) peaks, which further supports the hypothesis of an enhancer origin (Fig. 5D) . Finally, 79%
276
of the 33 ORFs show evidence of association with ribosomes in mouse (using our most permissive 277 criterion), which is more than we would expect by randomly sampling mouse-specific intergenic ORFs 278 that are proximal to promoters and expressed in liver ( Fig. 3C ; binomial test p = 0.013). Together, these 
281
An alternative interpretation of these data is that promoters were repurposed as enhancers on 282 the rat lineage, rather than enhancers being repurposed as promoters on the mouse lineage. To study the 283 directionality of the repurposing, we considered ChIP-seq data for H3K27ac and H3K4me3 from the 284 liver of rabbit, which served as an outgroup (Villar, et al. 2015) . Of the 33 candidate genomic regions, 285 9 could be mapped to the rabbit genome using liftOver and were proximal to an H3K27ac peak in rabbit 286 liver. Of these, 7 were proximal to an H3K27ac peak that was separated from an H3K4me3 peak by at 
298
shown in relation to their distance to the closest H3K4me3 peak. We use a conservative threshold of 299 5kb (black arrow) between a promoter and an enhancer mark to determine that an enhancer is not a 300 promoter. This results in 33 candidate promoters that were potentially repurposed from enhancers. C)
301
Expression homogeneity in liver of these 33 ORFs ('Enhancer -> Promoter'), mouse-specific intergenic 
322
To explore the pace at which enhancer interactions are acquired over macro-evolutionary 323 timescales, we shifted our focus to opossum-shared ORFs: we considered 13,217 opossum-shared
324
ORFs corresponding to annotated genes with different first exons and separated them into 15 new age 325 classes dating back to the origin of cellular life (Neme and Tautz 2013) (Fig. 6B) . We again found a 326 significant correlation between the age of a gene and its number of enhancer interactions (Spearman's 327 correlation coefficient ρ = 0.10, p < 0.001; Fig. 6C ).
328
We next explored the consequences of enhancer acquisition. First, we studied the expression 329 breadth of opossum-shared annotated genes using single-cell transcriptomic data from 68 cell types of 
340
Taken together, these results show that genes acquire enhancer interactions gradually over 341 macro-evolutionary timescales, a process that correlates with expression breadth and homogeneity 342 across cell types. Enhancers thus facilitate the integration of genes into regulatory networks. 
353
Discussion
354
Our study provides empirical support for the hypothesis that enhancers may facilitate de novo gene 355 evolution, which to our knowledge was first proposed upon the discovery of enhancer RNA (Kim, et 
358
which showed that young genes -those private to P. pacificus -are in closer proximity to enhancers 359 than genes with one-to-one orthologs in other nematode species (Werner, et al. 2018 ). The observation 360 that many young ORFs are proximal to enhancers in both nematodes and mammals suggests that this 361 mode of gene evolution dates back to at least the common ancestor of Bilateria, and possibly even 362 earlier, since cnidarians, ctenophores, and sponges also employ distal regulatory elements (Schwaiger, 
384
emerging from testis, which are more likely to be involved in reproductive traits. We emphasize that 385 the enhancer-facilitated and out-of-testis scenarios are not mutually exclusive; in fact, they may be 386 complementary or even interactive. Indeed, we found many young transcribed ORFs that associate with 387 ribosomes in testis that are also proximal to enhancers (Figs. S2F, 3C ).
388
The three points that differentiate enhancer-facilitated de novo gene birth from the out-of-testis 389 scenario also differentiate enhancer-facilitated de novo gene birth from pervasive transcription (Clark, 
407
and in many of these cases, only a subset of the enhancers are necessary to drive correct expression 408 under normal growth conditions (Osterwalder, et al. 2018 ). Thus, we hypothesize that redundant 409 enhancers are less likely to face conflict in facilitating de novo gene birth. While our observation that 410 repurposed enhancers tend to be surrounded by other enhancers provides anecdotal support for this 411 hypothesis (Fig. S3) , more systematic analyses are warranted.
412
The hypothesis that enhancers help de novo genes integrate into existing regulatory networks was 
445
"intergenic," "close to promoter same strand," "close to promoter opposite strand," "overlapping same 446 strand," "overlapping opposite strand," "overlapping coding sequence same strand," "overlapping 447 coding sequence opposite strand," and "overlapping annotated gene in frame." We considered all 448 categories except "intergenic" to be "genic" in order to separate ORFs that were born within or near 449 existing genes from those that were not. This resulted in 5 classes: Mouse-specific intergenic ORFs, 450 mouse-specific genic ORFs, rat-shared ORFs, human-shared ORFs and opossum-shared ORFs.
452
Proximity to enhancers and promoters
453
We obtained ChIP-seq data for H3K27ac, H3K4me1, and H3K4me3 modifications from 23 454 different tissues and cell types from the ENCODE project (bone marrow, cerebellum, cortex, heart, 455 kidney, liver, lung, olfactory bulb, placenta, spleen, small intestine, testis, thymus, embryonic whole 
464
with H3K4me3 peaks to be promoters, and those exclusively with H3K27ac and/or H3K4me1 peaks to 465 be enhancers (Berthelot, et al. 2018 ). We measured the distance in base pairs between the first exon of 466 an ORF to an enhancer or promoter using the "closest" function of bedtools with the "-t first" option 467 activated. We considered an ORF to be proximal to an enhancer if the distance to the first exon was 468 shorter than 500 bp and there was no promoter within that distance. When controlling for the length of 469 the first exon, we considered the distance to windows of 750 bp up-and downstream of the central 470 nucleotide of the first exon, rather than to the first exon itself.
471
We followed the same procedures when measuring the distance of ORFs to enhancers and 472 promoters in liver, brain, and testis tissues separately. For brain tissue, we merged ChIP-seq data from 473 embryonic whole brain and cortex. The ORFs we considered as expressed in each tissue (Fig. S2A-C) 
474
were those with a mean FPKM greater than zero across replicates of total RNA transcriptomic data (8
475
replicates for liver and brain, and 2 replicates for testis) (Li, et al. 2017 ).
477 478
Chromatin accessibility
479
We used single-cell ATAC-seq data from 13 different mouse tissues (bone marrow, cerebellum, 480 large intestine, heart, small intestine, kidney, liver, lung, cortex, spleen, testes, thymus, and whole 481 brain). We obtained the data from the Mouse ATAC atlas (Cusanovich, et al. 2018 
505
Expression level and stability
506
We measured the expression levels and stabilities of ORFs. To do so, we aligned paired reads 507 produced by RNAseq from total RNA from 10 tissues (liver, testis, brain, muscle, bone, small 508 intestine, thymus, heart, lung and spleen) (Li, et al. 2017 ) using STAR 2.5.3a (Dobin, et al. 2013 ) to 509 the mm10 build of the mouse genome. We chose these tissues because ChIP-seq data for histone 510 modifications were also available. For each ORF, we calculated fragments per kilobase per million 511 mapped reads (FPKM) as the number of reads mapped to the first exon divided by a millionth of the 512 number of reads sequenced in each sample and then by the length of the exon in kilobases. We 513 considered an ORF to be expressed if it had an average FPKM greater than 0 across replicates.
18
We calculated the expression stability of ORF k as:
where n is the number of replicates for a given tissue (8 for liver and brain, 2 for testis). We refer to this 517 measure as expression homogeneity when calculated across tissues or cell types, rather than across 518 replicates for the same tissue or cell type.
520
Ribosome association
521
We used ribosome profiling (ribo-seq) data from mouse liver, brain, and testis (Ingolia 2014) .
522
We obtained the coordinates of mRNA segments detected by ribo-seq from GWIPS-viz (Michel, et al. 
525
(details provided in Supplementary text 1). We combined the datasets for each tissue and merged the 526 provided genomic coordinates using the bedtools merge function; we did so with the options "-c" and 
528
than 26 bp, because these could be anomalous reads. We subsequently mapped these merged 529 coordinates on the first exon of our set of ORFs using the bedtools "map" function and we summed the 530 number of reads from each of the mapped merged coordinates. In this way, we were able to assign a 531 number of ribo-seq reads to each ORF, which allowed us to estimate ribosomal association and thus 532 potential for translation.
534
Enhancer repurposing
535
We considered the set of 544 mouse-specific intergenic ORFs that were transcribed (average 536 FPKM > 0) and proximal to an H3K4me3 peak in mouse liver. We filtered this set to the 357 ORFs that
537
were proximal to what Villar et al. (2015) considered to be replicated H3K4me3 peaks in mouse, in 538 order to facilitate comparison with the histone methylation data from rat and rabbit that were generated 539 for the same study. We used liftOver to map the genomic coordinates of these ORFs to the rat and rabbit 540 genomes (builds r5 and oryCun2), requiring a minimum fraction of remapped bases of 0.6 and 0.4 541 respectively (Carelli, et al. 2018 ). This resulted in 329 and 130 presumably orthologous genomic 542 regions in rat and rabbit respectively. Considering H3K27ac and H3K4me3 ChIP-seq peaks in the livers 543 of mouse, rat, and rabbit (Villar, et al. 2015) , we then calculated the distance between these mapped 544 regions and H3K4me3 and H3K27ac peaks using the bedtools "closest" function. We considered the 545 promoter of an ORF in mouse to show evidence of being a repurposed enhancer if its mapped genomic 546 region in rat or rabbit was proximal to an H3K27ac peak, yet more than 5 kb from an H3K4me3 peak, 547 in rat or rabbit liver. 
578
We considered ten tissues that were also used for the construction of the Mouse ATAC Atlas 579 (Cusanovich, et al. 2018 ). We measured the expression breadth of each ORF corresponding to an 580 annotated gene as the number of cell types in which expression could be detected in at least 1% of the 581 cells assigned to a cell type. The homogeneity of expression across cell types was calculated as 582 explained above for Hk, but considering the mean expression in each cell type where expression was 583 detectable, rather than the mean expression across replicates. 
